INTRODUCTION
The paper "Quartz hazard: a variable entity' (Donaldson and Borm, 1998) well reflects what were the difficulties met by the IARC working group in evaluating the carcinogenicity of crystalline silica (IARC, 1997) and focuses on the differences existing between molecular and paniculate toxicants. Particulates never act as a constant entity, their reactivity in a biological medium depending on the micromorphology at the atomic level and on the mechanical, thermal and chemical history of a given dust, as well as the frequent presence of surface contaminants (Fubini et al., 1998 in press) . This is particularly true with silica: because of the partially covalent silicon-oxygen bond of this material, several crystalline forms are found in nature, with different biological activity (reviewed by Guthrie, 1995) and more than ten different chemical functionalities may be stabilized at the surface (recently reviewed by Fubini, 1998) . Therefore, in contrast to e.g. benzene, which is a toxicant, with only one form each source of crystalline silica dust has its own carcinogenic potential, which can be largely modified by even slight alterations of the state of the surface. Welltargeted acellular and/or cellular in vitro tests, using
Received 1 June 1998; in final form 6 June 1998. * Author to whom correspondence should be addressed. Tel: (39) 11 670 7566; Fax: (39) 11 670 7855; E-mail[fubinifa. ch.unito.in silica samples with controlled properties, should be employed to investigate the molecular basis of the mechanism(s) of action of particulate silica, and help in the interpretation of the apparently contradictory epidemiological results.
The aim of the present communication is to clarify the chemical basis of the questions raised by Donaldson and Borm and to point out a few additional points on the variability of quartz hazard.
The evaluation by the IARC working group stated that carcinogenicity may be dependent on inherent characteristics of the crystalline silica or on external factors affecting its biological activity.
The 'inherent characteristics' of the silica are accounted for by the state of the external surface (defects, chemical functionalities etc.) determined by the origin of the sample, while the 'external factors' suggest that contact, association or contamination by substances other than silica might activate (or blunt) silica carcinogenicity. In both cases we will have different chemical/toxicant entities having the same nominal composition, SiO 2 , but with different behaviour towards living matter.
An additional point raised in the present communication is that both inherent characteristics and external factors may act in different stages of the development of the disease, i.e. play a role in more than one of the events leading from deposition of quartz to silicosis and lung cancer. Different surface functionalities may be implicated in each step. Donaldson and Borm, e.g. cytotoxity. inflammation, transforming potency and DNA damage are not related to the same property of the silica particle Elias et al., 1995; Elias et al., submitted) . The carcinogenic potency of a given dust is the result ofhow and to what extent each of the particle characteristics plays a role in one (or more) of the subsequent cellular and molecular events taking place in the carcinogenic mechanism.
The present communication is an attempt to extract from the vast literature on silica related biological effects the following information: inate, appears the most plausible (IARC, 1997) . It has been reported, in fact, that mutations were caused by inflammatory leucocytes from quartz exposed rats, but quartz itself had no mutagenic effects on epithelial cells in culture . However, an additional role of direct particle/target cell interaction, taking place on proliferating cells stimulated and transformed by inflammation, cannot be fully discarded. This latter path has therefore been added to the scheme of Donaldson and Borm, considering that various studies have shown morphological transformations following direct contact of V79 cell lines (Lin et al, 1996; Zhong et al, 1997) and of some embryo cells with quartz (Hesterberg etai, 1986; Elias et al., 1995; Saffiotti and Ahmed, 1995; Elias el al., submitted) . Moreover, silicosis and cancer do not necessarily follow a fully common pathway, even if fibrosis appear to be a prerequisite for the development of quartz-associated cancer. Several cases of non-tumorigenic quartz sources have been reported (e.g. coal mine dusts, some gold, tungsten and zinc mines) while in very few cases (mostly confined to few laboratory samples) crystalline silica dusts were found to be non-fibrogenic. This suggests that some specific features impart tumorigenicity to a fibrogenic silica dust or alternatively that some surface modifications may affect tumorigenicity without affecting the fibrogenic potential. Figure 1 reports the following steps:
Step a: Once deposited in the alveolar space the silica particle will cause cell damage and stimulation; silica induced membranolysis, originated by strong adsorption of membrane components onto the silica particle (Nash et al., 1966 ) is related to the distribution and abundance of silanols (SiOH) groups at the surface (Hemenway et al., 1993; Fubini, 1997) and to silanols groups dissociated in water (Nolan et al., 1981) ; cytotoxicity, as measured by inhibition of cell growth or cytosolic enzyme leaking, is also related to silanols (Pandurangi et al., 1990; Fubini et al., submitted) . If the particle is coated with polymers (Mao et al., 1995) , has been chemically modified (Wiessner el al., 1990) , is hydrophobic (Fubini el al., submitted) or has been treated with aluminium salts (Brown and Donaldson, 1996) the effect of silanols is much reduced or even blunted. Under these circumstances the particle will follow path c in Fig. 1 , i.e. will be cleared from the lung to the upper airways or to lymphonodes by macrophages. Alternatively, following path b, clearance will be inhibited and phagocytosis will eventually end up with cell death following disruption of the phagolysosome membrane. A continuous ingestion-reingestion cycle, with accumulation of the free particles in the lung and persistent inflammation with release of cytokines, Reactive Oxygen Species (ROS), arachidonic acid metabolites and growth factors, will be established.
Step d and e: Particle derived ROS (Fubini et al., 1989a; Giamello et al., 1990; Dalai et al., 1990; and cell derived ROS (Vallyathan el al., 1992) will both contribute to a state of oxidative stress (d), persisting as long as the inflammation (e) persists. Cells will also release nitric oxide which contributes to the oxidative stress and in the presence of the superoxide ion forms the dangerous compound peroxonitrite.
At this stage species differences in the response to silica may show up. Rats are more susceptible than mice to the fibrotic action of silica, and silica derived lung cancers have been found in rats but not in mice or hamsters (IARC, 1997) . It has been recently reported that the amount of macrophage derived nitric oxide released varies remarkably between animal species, e.g. rat and hamster . Nitric oxide will contribute substantially to the oxidative stress. Morphometric analysis of AM from humans and several animal species suggested that number and size range of particles that can be phagocytosized and cleared differs among species, as a consequence of AM cell size (Krombach el al., 1997) . Therefore, with the same silica dust, inhaled particles following path b and c will vary between species. The release of some cytokines by AM has also been recently reported to be species specific. TNF-a response to silica was in fact downregulated in mice but upregulated in rats cell culture from bronchoalveolar fluids following silica exposure (Huaux, 1998) , which may account for the larger fibrotic action of silica on rats.
Step h. Particle derived ROS, such as free radicals or peroxides, are implicated in direct damage to the epithelial cells. Several particle derived ROS have been reported, such as hydroxyl radical, superoxide anion and peroxides . The production of silica-derived free radicals is much higher on freshly ground materials, where surface peroxide or hydroperoxides are formed (Fubini et al., 1990; Giamello et al., 1990; Volante et al, 1994) ; therefore this step is more relevant in the case of freshly ground than aged silicas. If some iron, even a trace, is present at the silica surface-which is a very common situation with mineral samples, and even with so-called pure samples as Min-U-Sil (Saffiotti and Ahmed, 1995) -Fenton chemistry may be activated, with consequent prolonged release of radicals, which may cause DNA damage and transformation in target cells. Free radical generation does not usually relate to the actual amount of iron but to small fractions of iron with a particular redox and coordination state (Fubini et al, 1995b; Gilmour el al, 1995) . The availability of iron sites at the surface will therefore also depend on surface micromorphology, history etc.
As a consequence of step g and h, mutations and proliferation in epithelial cells may initiate a neoplastic transformation. Therefore the potential of the inhaled particles to catalyse ROS release and to persistently activate macrophages would determine the carcinogenicity of a given dust. However, any surface property favouring path c instead of b, by lowering the extent of accumulation of the dust in the lungs and consequent inflammation, will also lower the carcinogenic potential.
ORIGIN OF THE DUST
A 'native, uncontaminated quartz surface', i.e. a surface made up of real crystal faces, is very rarely in direct contact with biological matter. The only case reported concerns in vitro and in vivo experiments on quartz microcrystals exhibiting perfect habit, which were obtained in micrometre size by crystal growth in hydrothermal conditions (Czernikowski et ai, 1991) . They were more fibrogenic to rats than other quartz dusts but no data were reported which could give indications on their potential carcinogenicity. Crystalline silica dusts of respirable size are usually generated either by grinding macroscopic crystals of quartz -or of other polymorphs-of mineral origin or by heating/calcining biogenic silicas, mainly diatomaceous earths.
In the former case, mechanical fracture does not commonly follow crystal planes. The shape of the particles generated is very irregular, with sharp edges and spikes. Small particles (smaller than 50 nm in diameter) stick to bigger ones, firmly held by the surface charges produced by grinding (Fubini, 1998) . Freshly ground dusts are more fibrogenic than aged ones (Goethe et at., 1971; Vallyathan et ai, 1995) . The surface produced by mechanical cleavage of chemical bonds is usually very reactive, and the state of the surface depends markedly on the grinding procedure and the components of the environment in which the grinding took place (Fubini et ai, 1989a; Costa et ai, 1991) . A dry oxygen atmosphere favours formation of surface radicals and ROS, while a wet one assists full surface hydration at broken bonds, with virtually no yield in surface reactive forms. If ROS, as hypothesized, are implicated in some stages of the pathogenic mechanism, mining and processing the same ore with different procedures may generate dusts differing in their pathogenic potential. Prolonged milling progressively converts the outer parts of the particles from crystalline to amorphous, which lowers the dust toxicity. Removal of this amorphous external layer (Beilby layer) from quartz by chemical etching with hydrofluoric acid yields an increase in the fibrogenicity of the dust (Engelbrecht et ai, 1958) .
The other common source of respirable crystalline silica dusts is the various 'biogenic silicas' such as diatomaceous earths, rice husks, etc. These dusts are usually made up of amorphous silica particles, which still retain the form of the living matter from which they were generated. Upon mild heating, however, they are converted directly into cristobalite, without large variation in their micromorphology, nor sintering with increase in particle size (Fubini et ai, 1995a) . Because of their origin they retain a high level of impurities, often including alkali metals and alkaline earth oxides and iron ions (IARC, 1997) .
Fly ashes and fuel ashes are other sources of particulate silica which are potentially toxic. Usually these dusts have experienced a very high temperature which modifies the surface state. A review on the health effects related to fuel ashes reports minimal effects on experimental animals (Raask and Schilling, 1980) . Quartz in these ashes was found in the form of spheres or rounded particles, produced by the action of the surface tension on the near-to-melt particles. In fly ashes too, quartz is in the form of smooth round spheres. Form, surface micromorphology (smooth vs. scratched) and composition are all modified at high temperature. Heating in fact progressively converts a hydrophilic surface into a hydrophobic one (Hemenwayetai, 1994; Fubini et ai, 1995a) and anneals most surface radicals (Fubini, 1994) , causing a remarkable decrease both in cytotoxicity (Fubini et ai, submitted) and in the transforming potency of the dust (Elias et ai, submitted) . Coal fly ashes have been found much less active than quartz dust in TNF release, probably because of the modifications which had taken place at the surface of the silica particles exposed to a high temperature. No surface radicals and very few free radicals were detected with this material; these were on the other hand abundant in the pure quartz dust (Min-U-Sil)used for comparison (Borm, private communication).
The characteristics of silica dusts of different origin are summarized and compared in Table I. Table 2 reports the consequences of some of the inherent characteristics of a silica dust on the chemical status [ indicates that the intensity ol the biological response is lower; f indicates that the intensity of the biological response is higher " reference to chemical features from Her (1979) and Fubini (1998) ; b effects also discussed in IARC. 1997 and in the review by Fubini (1998) of the surface and on some biological responses which can be considered relevant end-points on the basis of the mechanistic model proposed in Fig. 1 .
THE ROLE OF 'EXTERNAL FACTORS' METAL CONTAMINANTS, ADSORPTION AND COATING
A vast literature exist on the effects of contaminants in silica related health effects, which has been recently reviewed (Fubini, 1998) . The major facts are summarized in Table 3 .
The most common and relevant contaminant associated to quartz is coal dust. When in intimate contact with it (in coal mine dusts or in ground mixtures), quartz looses its pathogenic potential (Donaldson and Borm, 1998) . Some metals or metal oxides (see Table 3 ) appear to act in similar way. The sources of quartz found to be non-carcinogenic in epidemiological studies (IARC, 1997) are all from metallic mines, gold, zinc and tungsten. Intimate contact between quartz and carbon or metals-all reducing agents-probably modifies the nature of the surface sites involved in the carcinogenic mechanism. A possible explanation is that carbon or metals assist the annealing of surface radicals, thus eliminating particle generated ROS, reducing the oxidative stress and hence damage to epithelial cells. Alternatively metal ions, by binding to silanols, will reduce membranolysis and cytotoxicity, favouring elimination of the particles via path c in Fig. 1 , instead of accumulation and inflammation occurring in path b. This latter hypothesis suggests that these contaminants may act similarly to the inhibitors of silica fibrogenicity. The two most common ways found to inhibit the fibrogenic response in experimental animals, and occasionally employed as prevention in humans, are treatment with aluminium salts (Le Bouffant el al, 1977; Begin el al, 1987) or with the polymer polyvinyl-pyridin-N-oxide (PVPNO) (reviewed by Castranova, 1996) . Both act by blunting the cytotoxicity of silanols: metal ions replace hydrogen in silanols, the -N=O groups in the polymer are strongly hydrogen-bonded to silanols, thus preventing adsorption of cell membrane components onto the silica surface. The reported Table 3 reduction in cytotoxicity of chemically modified silicas coated by various polymers, surfactants, etc (Wiessner el al, 1990 ) is likely to be due to similar effects.
Metal contaminants, and particularly iron, will also cause adverse effects. The role of traces of iron in the generation of ROS, causing DNA damage, cell transformation and pulmonary reactions, is well documented (Castranova el al., 1997) . The high pathogenicity found upon exposure to crystalline silicas of biogenic origin, mostly ex diatomite earth, (IARC, 1997) , can probably be ascribed to the presence of iron ions, derived from the original living matter, always present in these kind of materials. As reported with other mineral dusts (Gilmour el al. 1995) . not all iron is active, iron in oxides-haematite and magnetite-having been found inactive in ROS generation (Fubini el al, 1995b) . Conversely a bulk oxide (haematite Fe 2 O 3 ) mixed with quartz decreased both cytotoxicity and transforming potency (Saffiotti and Ahmed, 1995) .
The effect of chemical etching deserves some comments, as it can cause apparently conflicting effects. Very rarely have people been exposed to chemically etched dusts. Several studies however, report in vitro and in vivo experiments performed on untreated and acid treated (HF, HC1) silica dusts. This procedure, which removes iron (Saffiotti and Ahmed, 1995) and probably other metal impurities-with HF also removes the outmost amorphous layer, leaving a fresh crystalline face exposed. Cytotoxicity was enhanced (Kriegseis et al, 1987) , probably because of removal of metal ions, and fibrogenicity too (Engelbrecht el al, 1958) , because of exposure of crystalline faces to cells. The surface, however, may retain some features originated by the etching chemical employed. It is noteworthy that membranolysis was decreased by hydrofluoric etching but increased by basic (K.OH) etching (Nolan et al, 1981) . Small traces of fluoride or potassium ions are thus sufficient to modulate particle/cell interaction.
Removal of iron, on the other hand, eliminates one of the major sources of free radicals and consequent DNA damage: when removed by acids both effects were in fact dramatically decreased , confirming a crucial role played by metals, even in trace amounts, associated to specific surface sites located at some crystal faces of quartz.
CONCLUSIONS
Several chemical factors contribute to the development of chronic inflammation and subsequent silicosis following inhalation of silica particles. In the hypothesis of a common pathway for fibrosis and lung cancer, modification of any of these factors, by modulating the fibrogenic response, will also affect the carcinogenicity of a given dust. This is sufficient to explain the extreme variability in carcinogenic potential among different sources of silica containing dusts.
However, fibrosis and lung cancer need not proceed via common molecular pathways, as has been suggested by Donaldson and Borm, even if fibrosis is a prerequisite for the development of silica-associated lung cancer. By the same token the chemical properties involved in the fibrotic mechanism may be different from those causing lung cancer in silica exposed populations, even if, by blunting the inflammatory response, the carcinogenic potential decreases. Carcinogenicity may stem from surface sites (e.g. surface ROS generated upon grinding, iron ions in appropriate coordination, surface defects which can accomodate endogenous iron) able to catalyse free radical generation. This latter process, on the one hand, will contribute to the onset of oxidative stress, and on the other hand, will cause direct damage to epithelial cells, already damaged and/or proliferating because of Castranova ei al.. 1990 : Mao el al.. 1995 (1996 1 Wallace ct al., 1985; Wiessner el al.. 1990; Antonini and Rcasor. 1994 unaffected Wiessner el al.. 1990J. Antonini and Reasor, 1994 I Saffiotti and Ahmed, 1995 t Safliolli and Ahmed, 1995 I Sufliolti and Ahmed, 1995 
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http://annhyg.oxfordjournals.org/ wnloaded from chronic inflammation. The abundance, stability and reactivity of these kinds of surface sites is extremely variable, their nature being strictly dependent on the history of the dust and readily modified by ambient conditions, chemical reactions and presence of contaminants. The variability of'quartz hazard' is therefore a direct consequence of the physico-chemical properties of silica. Accurate analysis of the characteristics of the dusts to which the cohorts of the various epidemiological studies were exposed might help in the clarification of the factors which favour the development of silica-associated lung cancer. Once the pathogenic mechanism(s) are fully elucidated at the molecular level, the hazard associated to a given source of crystalline silica should be predictable.
